Abstract. We propose an on-chip source of entangled photon pairs that uses an arrayed-waveguide grating (AWG) with multiple nonlinear input waveguides as correlated photon pair sources. The AWG wavelength-demultiplexes photon pairs created in input waveguides and simultaneously produces a high-dimensional entangled state encoded in the optical path. We implemented the device with a monolithic silicon-silica waveguide integration platform and demonstrated the entanglement of two dimensions in a proof-of-principle experiment.
Introduction
Generation of quantum-entangled photon pairs lies at the heart of photonic quantum information science and technologies [1] . Recently, entangled states of high-dimensional quantum systems, i.e., qudits, are drawing much attention, since such systems enable us to improve the robustness of quantum key distribution [2] , improve the generation rate of quantum random numbers [3] , simplify quantum logic [4] , and test the foundations of quantum mechanics such as quantum contextuality [5] . Motivated by these prospects, the generation of high-dimensional quantum entanglement of photons has been extensively investigated in various physical degrees of freedom of light including orbital-angular momentum [6, 7, 8] , time-bin [9, 10] , frequency [11, 12, 13] , and spatial (path) information [14, 15] .
Recently, integrated photonic waveguides have proved to be versatile tools for conducting photonic quantum information experiments [16, 17, 18, 19, 20] . In such a platform, by encoding the quantum states in the optical paths of photons, we can fully exploit the benefits of integrated photonic circuits. For example, an arbitrary unitary 2. Device design Figure 1 is a conceptual schematic of a source for generating N -dimensional pathentangled photon pairs. The device consists of a 1 × N splitter, N nonlinear waveguides (photon pair sources), and an AWG. A pump pulse with a wavelength of λ p is divided equally into N nonlinear waveguides with the 1 × N splitter. In each nonlinear waveguide, a correlated pair of photons having non-degenerate wavelengths of λ s (signal) and λ i (idler) are generated through a nonlinear process such as spontaneous parametric down conversion or spontaneous four wave mixing (SFWM). The nonlinear waveguides are used as, or are directly connected to, the input waveguides of the AWG. The AWG consists of two focusing slab regions (the first and second slabs in the figure) and a phased array of multiple waveguides (waveguide array). Because of the WDM capability of the AWG, the focal spots of signal and idler modes are spatially separated on the output end of the second slab (arc o-o'). Furthermore, the correlated photons created in each of the input waveguides are focused onto different output positions. The output waveguides A j and B j are connected at the end face of the second slab in order to collect the signal and idler photons generated in the j-th photon pair source. At the end of the device, we obtain an entangled state of the path-encoded N -level system as follows:
where φ j is the relative phase that can be tuned by the phase shifters, andâ † j andb † j are the creation operators for photons in waveguide modes A j and B j , respectively. We omit the vacuum and higher order terms for simplicity. Figure 1 (b) shows an example of the i/o waveguide arrangement of the AWG for N = 3. Here, we consider the SFWM for the photon pair generation process in the nonlinear waveguides because SFWM efficiently occurs in integrated waveguides such as silicon waveguides [25, 30, 31, 32] , which can be integrated with an AWG on a chip [33, 34] . The black dashed lines coming from the arcs i-i' and o-o' show the grids with equal pitch of d, i.e., equal wavelength spacing ∆λ =
, where f is the focal length of the slabs, n s is the effective refractive index of the slab mode, λ 0 is a center wavelength of the AWG, n a is the group index of each waveguide of the waveguide array, and ∆L is the constant path-length difference between neighboring waveguides of the waveguide array [35] . In the SFWM process, photon pairs are generated that satisfy the frequency relationship 2ν p = ν s + ν i , where ν k = c/λ k (c: the speed of light in a vacuum), and the phase matching condition [34] . The pump, signal, and idler modes output from each input waveguide are focused at the output end of the second slab (arc o-o') with a spatial dispersion
. The dispersion of the focal spot is symmetric with respect to an exchange of the input and output port. We align the three photon pair sources (I 1 ∼ I 3 ) to the three grid lines with a pitch d on the arc i-i' around the center of the slab. Because of the dispersion in the AWG, the correlated photons created in each of the photon pair sources are focused onto different output positions. When the AWG is designed such that m∆ν = |ν p − ν s | (m: integer, ∆ν: AWG channel spacing in frequency), i.e., m∆λ λ and λ 0 = λ p , the pump, signal and idler components are focused on the positions of the grids shown in Fig. 1(b) , which shows the case of m = 4. Then, we connect output waveguides A j and B j (j = 1 ∼ 3) so as to collect the signal and idler photons.
In this configuration, the device serves as a compact high-dimensional path entanglement source on a chip. Since one WDM filter is shared by the photon-pair sources, fabrication errors similarly propagate to the spectral characteristics of the WDM channels, i.e., output photons. A possible fabrication error of the AWG is a variation in the waveguide width, which modifies ∆λ via a variation in the group index n a . In our fabrication process described later in Sec. 3, we estimate n a variation due to this fabrication error to be less than 10 −3 , which leads to ∆λ error to the same order. Note that the arrangement of the i/o waveguides is not limited to the configuration shown in Fig. 1(b) . The largest single-stage AWG to date has 400 wavelength channels [36] , which indicates, in principle, that the dimension N of more than 100 can be realized in our scheme. Besides components shown in Fig. 1(a) , bandpass filters can also be placed between the output waveguides and single photon detectors to eliminate unwanted frequency components of photons including the pump wavelength (λ p ) components.
Experimental setup
We fabricated the essential part of the device and performed a proof-of-principle experiment of the scheme that generated entanglement for the minimum mode number N = 2. Correlated photons from neighboring waveguides have also been used for the generation of polarization entanglement [37] . We fabricated a photonic chip housing two silicon waveguides and an AWG with a waveguide core of low-nonlinear SiO x (x 1.7 [38] ) using silicon-silica monolithic integration technology [29, 33] . The chip, along with the experimental setup, is illustrated in Fig. 2(a) .
Regarding the device fabrication, we fabricated silicon waveguides by electron-beam lithography and electron-cyclotron resonance (ECR) plasma etching on a silicon-oninsulator (SOI) substrate. The SiO x waveguides were fabricated in a region from which the top Si layer of the SOI substrate was removed by reactive ion etching (RIE). The SiO x layer in this region was deposited by low-temperature ECR plasma-enhanced chemical vapor deposition (PE-CVD). Next, the cores of the SiO x waveguides were fabricated by photolithography and RIE. Finally, the SiO 2 layer was deposited by ECR PE-CVD. The resulting SiO x waveguides had a core-cladding index contrast of ∼ 3%. We also fabricated spot-size converters (SSCs) with a tapered Si waveguide for making a lowloss connection of the Si and SiO x waveguides. The SiO x waveguide was 3-µm wide and 3-µm thick. The silicon waveguides, having a rib structure 600-nm wide and 200-nm thick, respectively (see [33] ), are 1.37 cm long.
Pump pulses with a repetition rate of 100 MHz and pulse width of 200 ps are equally divided by an off-chip 3-dB fiber coupler, whose output ports are connected to an array of high-NA single mode fibers with a spacing of 127 µm, which corresponds to the separation of the input waveguides. The output fields from the fiber array are coupled to the TE-polarized modes of the two silicon waveguides via SiO x -based spotsize converters. A variable attenuator is used to compensate for the imbalance of the device insertion losses between the mode 1 and 2. The input and output coupling efficiency to the chip is estimated to be approximately −1 dB/facet [33] .
A correlated pair of signal and idler photons is created via the SFWM in the silicon waveguides with the pump pulses, and the pair is subsequently spectrally separated by the SiO x AWG on the end facet of the second slab. The design parameters of the AWG are as follows: d = 30 µm, f = 1.75 mm and ∆L = 63 µm; the total number of array waveguides is 100. With these parameter, the fabricated samples exhibited ∆ν of 200 GHz and λ 0 = 1560.6 nm with a grating order of 53. The center wavelength of the pump pulses is set to λ p = λ 0 . The two silicon waveguides (I 1 and I 2 ) are connected to the two central input ports of the AWG (Fig. 2(b) ). Signal and idler photons are collected from ports A j and B j (j = 1, 2) with a channel separation m of 3, and thus, a pumpto-signal (or -idler) detuning m∆ν of 600 GHz. The insertion loss of the AWG is −6.7 dB including a −0.35 dB connection loss [38] between Si and SiO x waveguides. Figure  2(c) shows the TE-mode transmission spectra through the chip for the combinations of input and output waveguides used for the experiment. Good spectral overlaps in each transmission mode were obtained. The 3-dB passband width of the transmission window was approximately 90 GHz. The pump leakage to the signal or idler modes is approximately −30 to −40 dB.
The optical fields output from the chip are then collected by another high-NA fiber array. A fiber-pigtailed phase shifter and a 3-dB fiber coupler are used for the quantum state projection of the path-encoded states for each signal and idler mode. Delay lines (DLs) are used to set the path-length difference in each interferometer to be zero. After the unwanted wavelength components including pump wavelength are rejected with the fiber Bragg gratings (FBGs) and the band-pass filters (BPFs) (bandwidth: 0.9 nm (113 GHz)), photons output from one port of the 3-dB couplers are received by a single photon counting modules (SPCMs) (id210, ID Quantique SA) that operates at a gate frequency of 100 MHz, synchronized with the pump repetition rate. The insertion losses of the spectral filters (an FBG and a BPF) and other components (including the 3 dB loss of a coupler) are −2.8 dB and −7 dB, respectively. With the spectral filters, we observe any photon counts from the leaked pump pulses. The total filter loss is mainly due to the loss of the tunable BPF and can be reduced to less than half by employing fixed low-loss filters. The quantum efficiency, gate width, dark count rate, and dead time of the detectors are 21 %, 1.0 ns, 2.1 kHz, and 10 µs, respectively. The coincidence rate is determined by measuring the time correlation of the signals output from the two SPCMs using a time-to-digital converter (id800). The collection efficiency of the photons in each mode, which can be obtained as the total insertion loss of the fiber-optic components and the AWG, is −17.5 dB (excluding the detector efficiency).
Results and discussion
To analyze the path-entangled state, we performed a coincidence measurement as a function of the relative phase differences φ s and φ i between the path-encoded states in signal and idler modes, respectively. To measure the phases, we retrieved the relative phases φ A and φ B of the pump frequency modes by observing the interference intensity of the pump pulses that leaked from the unused ports of the 3-dB couplers. As the wavelength difference between λ p and λ s(i) is less than 0.4 %, we can assume that φ A(B) φ s(i) + ∆φ s(i) , where ∆φ s(i) is the constant phase offset. The relative phases φ A and φ B naturally fluctuate because of the variation in the path lengths in the fiber-optic interferometers. Here, we utilized the phase fluctuation to automatically take data for various phase settings. We recorded the coincidence count C while retrieving the relative phases every 200 ms and constructed the coincidence map C (φ A , φ B ) .
The plots in Figure 3(a) show the normalized coincidence rate per second as a function of φ A and φ B over a measurement time of 24 hours. The phase bin size is 3
• but 45
• for the region where the pump interference intensity exhibits a small variation with respect to the change in phase. Data were discarded when the phase variation at the end of each measurement was larger than the phase bin size. We observed a clear two-photon interference fringe. In the ideal case, the coincidence rate is obtained as
where ∆φ is the constant offset associated with the wavelength difference between the pump and signal (or idler) modes, V is the fringe visibility and C 0 is a coefficient. Using this function, we performed a fitting of the experimental data, in which errors in the count rate (Poisson statistics assumed) and each phase (bin sizes including the large (45 • ) bins) were taken into account (and the same hereinafter). From the fitting, we obtained the curved surface shown in Fig. 3(a) with V = 0.768 ± 0.002 (and with the accidentals subtraction V = 0.813 ± 0.002). Thus, we successfully obtained the entangled state with the visibility value larger than that associated with the violation of Bell's inequality (1/ √ 2). Figure 3 (b) plots slices of the coincidence rate at φ A = 51
• and 141
• , which are non-orthogonal to each other. Both slices show clear interference fringes with visibilities of V = 0.762 ± 0.018 and V = 0.771 ± 0.014, respectively. Next, we extract |S| values for the Clauser-Horne-Shimony-Holt (CHSH) Bell inequality [39] from the coincidence map in Fig. 3(a) for all the possible phase combinations. We find the maximum |S| value to be 2.26 ± 0.14 (accidentals included), which demonstrate that the generated state can violate Bell's inequality. The small violation is due to the small coincidence counts per phase bin. Now let us investigate the effect of the subtle mismatch of AWG transmission spectra (Fig. 2(c) ) on the imperfection in the visibility values. Using the joint spectral amplitude of photon pairs S j (ω s , ω i ), the two-photon state at the output of the chip can be written as where ω j = 2πν j . Measurement basis of the photon pairs at the fiber modes C 1 and D 1 in Fig. 2(a) is |ξ =ĉ †
, and similarly ford † 1 in fiber mode D 1 . The integral in Eq. (3) can be taken from −∞ to +∞ since the bandwidths of the BPFs are larger than the passband width of the AWG. Then we obtain the coincidence probability as
. Because the pump bandwidth (2.2 GHz assuming a transform-limited Gaussian pulse) is much narrower than the collection bandwidth of signal and idler photons (∼ 90 GHz), here we assumed that pump beam to be quasi-cw. We show the shape of the joint spectral intensity |S 1 (ω s , ω i )| 2 as an example in Fig. 4 . Accordingly, the joint
where ω p denotes the center angular frequency of the pump and f j (ω) and g j (ω) are the transmission spectra of the optical field output into modes A j and B j . Substituting this into P c and comparing with Eq. (2), we find
Using the square roots of the transmission spectra shown in Fig. 2 (c) for f j (ω) and g j (ω) (assuming no phase dispersion), we obtain V = 96.8%. This indicates that our multi-input multi-output AWG has good spectral overlaps for generating high-degree of entanglement. Other possible reasons for the imperfection in the visibilities are the polarization drift in fiber optics during the measurement and high frequency component of the phase variation with an amplitude larger than the phase bin sizes. Note that the experimental system was not temperature controlled. These issues will be eliminated by integrating the interferometer for the state projection on the same chip with SiO x waveguides.
Conclusion
We proposed a scheme to generate high-dimensional path-encoded entangled states of photons by using an AWG with nonlinear waveguide inputs and demonstrated it on a Sisilica monolithic integration platform. To further extend the dimensions of entanglement to be characterized, it is necessary to integrate N × N reconfigurable unitary circuits on the same chip for the phase stabilization. The output waveguides of the silica-based AWG can be directly used as interfaces with such circuits. By incorporating fabrication technologies for large [36] and low-loss [40] AWGs, our scheme can provide a compact source for large-scale high-dimensional photonic entanglement on a chip.
